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The supersymmetric standard model (SSM) has a CP-violating phase in its gauge-Higgs sector. This new 
source of CP violation induces the electric dipole moments (EDMs) of the neutron and electron at the one-loop 
level. The same CP-violating phase generates the EDM of the W boson through one-loop diagrams mediated 
by the charginos and neutralinos, which leads to the EDMs of the neutron and electron at the two-loop level. 
We discuss these EDMs, assuming that the CP-violating phase has the magnitude of order 0.1 1 which may be 
suggested from the baryon asymmetry of the universe. Even at the two-loop level the neutron and the electron 
could have EDMs which are smaller than their experimental upper bounds by only one order of magnitude. Since 
these two-loop contributions do not depend on the values of SSM parameters for the squark or slepton sector, 
they provide predictions for the EDMs less ambiguous than the one-loop contributions. 


1. Introduction 

Nature is not invariant under CP transforma¬ 
tion as observed in the K°-K° system jlj. In 
the standard model (SM) CP violation originates 
from the Kobayashi-Maskawa (KM) phase, which 
is consistent with all the experimental results ever 
found concerning CP violation. On the other 
hand, it has been suggested that the baryon 
asymmetry of the universe could also be an out¬ 
come of CP violation at the electroweak scale [Q . 
However, this asymmetry has been shown not to 
be explained quantitatively within the framework 
of the SM. If the baryon asymmetry was really 
generated at the electroweak phase transition of 
the universe, some extension has to be introduced 
for the SM. 

The supersymmetric standard model (SSM) is 
one of the most plausible extensions of the SM, 
which has new sources of CP violation H in ad¬ 
dition to the KM phase. In this model the CP- 
violating phenomena in the K°-I\° system are de¬ 
scribed by the KM phase, while the baryon asym¬ 
metry of the universe could come from a new CP- 
violating phase which is contained in the gauge- 
Higgs sector. Indeed, it has been shown [|| that 
the CP-violating interactions for the charginos 
generate the asymmetry and the resultant ratio 
of baryon number to entropy becomes consistent 


with its observed value, if the CP-violating phase 
is of order 0.1 — 1. In this case the new source of 
CP violation can sizably affect the other phenom¬ 
ena. It would be important to study the effects 
of the CP-violating phase on experimentally mea¬ 
surable quantities. 

In this report we discuss the electric dipole mo¬ 
ments (EDMs) of the neutron and electron to¬ 
gether with that of the W boson within the frame¬ 
work of the SSM. Owing to the new CP-violating 
phase in the gauge-Higgs sector, the neutron and 
electron EDMs receive contributions from dia¬ 
grams mediated by the charginos and squarks 
or sleptons at the one-loop level ||,|5]||. In ad¬ 
dition, the same CP-violating phase yields the 
EDM of the W boson through one-loop diagrams 
mediated by the charginos and neutralinos. The 
JU-boson EDM can then induce the neutron and 
electron EDMs through one-loop diagrams gener¬ 
ated by the SM interactions . Taking into ac¬ 
count these two-types of contributions, we make 
detailed analyses of the EDMs. 

The EDMs of the neutron and electron from 
the kP-boson EDM are generated at the two- 
loop level. For the CP-violating phase of order 
unity these EDMs have values smaller than their 
present experimental upper bounds by one order 
of magnitude Q . The two-loop contributions are 
a priori expected to be smaller than the contribu- 
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tions from the one-loop diagrams. However, the 
two-loop contributions from the VF-boson EDM 
are determined only by the gauge-Higgs sector, 
while the one-loop contributions are determined 
not only by the gauge-Higgs sector but also by 
the squark or slepton sector, especially by their 
masses. Consequently, as the squark or slepton 
masses increase, the one-loop contributions be¬ 
come small, while the two-loop contributions are 
kept the same. The values of the neutron and 
electron EDMs induced by the VF-boson EDM 
are predicted with less uncertainty in the SSM. 

The present experimental bounds for the 
EDMs of the neutron and electron are given by 
\d n \ < 10 _25 ecm [[)) and d e ( < 10 _26 ecm JIo| , 
respectively. In the SM, the EDM of the neu¬ 
tron vanishes at both the one-loop and the two- 
loop levels, resulting in \d n \ < 10 -30 ecm, and the 
EDM of the electron is much smaller [Q. There¬ 
fore, the detection of these EDMs in the foresee¬ 
able future may be considered to provide an indi¬ 
rect evidence for the existence of supersymmetry 
in nature. 
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for the neutralinos. Here v\ and v 2 denote the 
vacuum expectation values of the Higgs bosons 
with U(l) hypercharges —1/2 and 1/2, respec¬ 
tively; rh 2 and rhi the SU(2) and U(l) gaug- 
ino masses, respectively, which appear in super- 
symmetry soft-breaking terms of the Lagrangian; 
and tor the mass parameter in a bilinear term 
of Higgs superfields in superpotential. The mass 
matrices (jl|) and (!) are diagonalized by unitary 
matrices Cr, Cl, and N as 

C\ 1 M~Cl = diag(m aJ i, 771 ^ 2 ) {rii u 1 < rh u2 ) (3) 


and 


= diag(m x i,m x2 ,m x 3 ,rh x 4 ) (4) 
(rh x 1 < rh x2 < rh x 3 < rh x 4 ), 


2. CP-violating interactions 

The SSM is an extension of the SM based on 
N = 1 supergravity coupled to grand unified the¬ 
ories (GUTs) jy]]. This model contains several 
parameters whose values are generally complex. 
Although there is some freedom for the phases of 
particle fields, the redefinitions of the fields can¬ 
not rotate away all the complex phases. Even if 
generation mixings among matter fields are ne¬ 
glected, at least two of the complex parameters 
cannot be made real. One physical complex phase 
appears in the gauge-Higgs sector and another in 
the squark and slepton sector. These are the new 
sources of CP violation intrinsic in the SSM. In 
this section we briefly review the CP-violating in¬ 
teractions relevant to our discussions. 

The charginos u>i and the neutralinos Xj are 
charged and neutral mass eigenstates for the 
gauginos and Higgsinos, the superpartners of the 
gauge and Higgs bosons. Their mass matrices are 
given by 

( -gvt/V 2\ m 

\~gv 2 /V2 m H ) 


giving the mass eigenstates. 

The squarks and sleptons are superpartners of 
the quarks and leptons. For each flavor there are 
two mass eigenstates /,; which are composed of Jl 
and /r, the scalar partners for the left-handed 
and right-handed components of the fermion /. 
Their mass-squared matrix becomes 


M f = 


((M 2 f ) u 
V (Mj) 21 


(Mj) 12 \ 

(MjhJ' 


( 5 ) 


(M 2 )n = m 2 + cos2 P(T 3 f — Qf sin 2 dw)M f 

+M] l , 

(M 2 ) 12 = m f {R f m H + A* f m 3/2 ), 

(Mf ) 2 1 = + A f m 3/2 ), 

(Af j )22 = m j Q f cos 2/3 sin Ow -M % T AIju, 


where Rf and tan/3 are defined by 


f V 1 /V 2 for T :if = 1/2 
\ v 2 /vt for T 3 f = —1/2 ’ 


tan/3 = \v 2 /v\\. 
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Figure 1. The Feynman diagrams for the EDM 
of a quark or a lepton. 


G Lji = V2 NZjClu + NZjClx, 

Gnji = V2N 2 jC R u — N±jC R 2i- 


Since the coupling constants GLji and G R ji have 
different complex phases, this Lagrangian is not 
invariant under CP transformation. 

The interaction Lagrangian for the charginos, 
it-type quark, and d-type squarks and that for the 
charginos, d-type quark, and u-type squarks are 
respectively given by 
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and 
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Here 77 / (/ = u,d) represents the Yukawa cou¬ 
pling constant for the /-type quark. The matri¬ 
ces S u and Sd are approximately the unit matrix 
for the u- and d-squarks. The interaction La- 
grangians for the charginos, leptons, and sleptons 
are obtained by appropriately changing eqs. © 
and ([Til). 


3. EDM of neutron at one-loop level 


In the SSM the EDM of the quark receives con¬ 
tributions from one-loop diagrams in which the 
charginos, neutralinos, or gluinos are exchanged 
together with the squarks. Assuming the nonrel- 
ativistic quark model, the EDM of the neutron d n 
is given, in terms of the u-quark EDM d u and the 
d-quark EDM dd, by d n = (4dd — d u )/3. The elec¬ 
tron EDM is also induced by one-loop diagrams, 
where the charginos or neutralinos are exchanged 
with the sleptons. Among these diagrams, the 
chargino-mediated ones generally make dominant 
contributions for both the neutron and the elec¬ 
tron EDMs ||. The relevant Feynman diagrams 
are depicted in Fig. 1. 


Figure 2. The EDM of the neutron at the one- 
loop level for tan (3 = 2 and m 2 = 200 GeV. The 
values of 6 and the squark mass for curves (i)-(iv) 
are listed in Table 1. 


Figure 3. The EDM of the neutron at the one- 
loop level for 9 = 0.1. The squark mass is taken 
for 1 TeV and the values of m 2 and \mij\ for 
curves (i)-(iv) are listed in Table 2. 


Table 1 

The values of 9 and the squark mass for curves 
(i)-(iv) in Fig. 2. 


(i) (ii) 

(iii) 

(iv) 

9 7 r /4 7 t /4 

0.1 

0.1 

Squark mass (TeV) 1 5 

1 

5 


Table 2 


The values of 
Figs. 3 and 6 . 

m 2 and 

\m H \ 

for curves (i)-(iv) in 


(i) 

(ii) 

(iii) 

(iv) 

m 2 (GeV) 

200 

200 

1000 

1000 

\m H \ (GeV) 

200 

1000 

200 

1000 








Figure 4. The Feynman diagram for the EDM of 
a quark or a lepton which involves a CP-violating 
coupling for the IF-bosons and photon. 


where F(q 2 ) represents a form factor, q 2 being the 
momentum-squared of the photon. The EDM of 
the W boson is given by 


dw = — 


2Mw 


F( 0). 


(13) 


For the W bosons and a vector boson, in general, 
there can be two more couplings which break CP 
invariance ]T^ |. However, the interactions in eq. 
(|j) only contribute to the coupling of eq. (p~2|). 

The SSM parameters which determine F(q 2 ) 
are those contained in eqs. (|1[) and (|j). For 
tan /3 ~ 1, 9 ~ 1, and m 2 ,|nz#| ~ 100 GeV 
the magnitude of F(q 2 ) is around 10~ 4 (|], which 
is far larger than the prediction of the SM. The 
IF-boson EDM could in principle be measured in 
e + e“ colliding experiments |h|, although such a 
magnitude for F(q 2 ) would still be too small for 
detection at LEP II. 

The EDM of the IF-boson yields the EDMs 
of the quarks and leptons through one-loop di¬ 
agrams. In the SSM, therefore, the EDMs of 
the quarks and leptons can be induced at the 
two-loop level. The relevant diagram is shown 
in Fig. |], where / and /' denote the quarks 
or leptons whose left-handed components form 
an SU(2) doublet. At the two-loop level there 
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also exist other diagrams which involve squarks 
or sleptons and make contributions to the quark 
or lepton EDM. However, as long as the squarks 
and sleptons are much heavier than the charginos 
and neutralinos, these diagrams can be safely ne¬ 
glected. This may be indeed the case for 9 > 0.1, 
since the squarks and sleptons should be heavier 
than or around 1 TeV from the analyses of the 
one-loop contributions to the EDMs as discussed 
in the previous section. 


Figure 5. The EDM of the neutron induced by 
the W-boson EDM for tan/3 = 2. The values of 
9 and m 2 for curves (i)-(iv) are listed in Table 3. 


Table 3 

The values of 9 and m 2 for curves (i)-(iv) in Fig. 


5. 


(i) 

(ii) 

(hi) 

(iv) 

9 7t/4 

7r/4 

0.1 

0.1 

7712 (GeV) 200 

300 

200 

300 


In Fig. H we show the absolute value of the 
neutron EDM induced by the W-boson EDM for 
tan/3 = 2 as a function of |m#|. For 9 and m 2 


Figure 6. The EDM of the neutron induced by 
the W-boson EDM for 9 = 7r/4. The values of m 2 
and \mn\ for curves (i)-(iv) are listed in Table 2. 


we have taken four sets of values given in Tabic |j. 
For 9 ~ 1, tan/3 ~ 1, and m 2 , \mn\ ~ 100 GeV 
the magnitude of the neutron EDM is around 
10~ 26 ecm, which is smaller than the present ex¬ 
perimental upper bounds by only one order of 
magnitude. Since the squark masses are at least 
1 TeV for 9 > 0.1, the magnitude of the neutron 
EDM arising from two-loop diagrams with the 
squarks becomes much smaller than 10 _26 ecm. 

In Fig. |] the neutron EDM is plotted as a 
function of tan /3 for four sets of values of m 2 and 
| ttth I given in Table || The CP-violating phase is 
taken for 9 = 7r/4. The EDM of the neutron de¬ 
creases as m 2 or 1 777 # | increases. We can also see 
its clear dependence on tan/3. As tan/3 increases, 
the EDM decreases. This is contrary to the tan /3 
dependence of the neutron and electron EDMs in¬ 
duced by the one-loop diagrams as shown in Fig. 

I 

The EDM of the electron induced by the W- 
boson EDM have a value smaller than the neu¬ 
tron EDM by one order of magnitude, similarly 
depending on the SSM parameters. 

The quantitative difference between the one- 
loop contributions and the two-loop contributions 
to the EDM of the neutron or electron varies with 
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Figure 7. The neutron EDM from the one-loop 
contributions and that from the two-loop con¬ 
tributions, which are represented respectively by 
curves (i) and (ii). The parameter values are 
to 2 = \mu\ = 200 GeV and tan/3 = 2. For curve 
(i) the squark mass is set for 10 TeV. 


the squark or slepton masses. For the masses 
of around 1 TeV, the one-loop contributions are 
larger than the two-loop contributions, whereas 
for the masses of around 10 TeV or larger, the 
latter can become larger than the former. 

In Fig. [?] we show the values of the neu¬ 
tron EDM at the one-loop and the two-loop lev¬ 
els as functions of the CP-violating phase 9 for 
fri 2 = |mjj| = 200 GeV and tan/3 = 2. Curves 
(i) and (ii) respectively represent the EDM from 
the one-loop contributions and that from the two- 
loop contributions. The squark mass for the one- 
loop contributions has been taken for 10 TeV. 
The two types of contributions are comparable 
to each other. It is seen that the one-loop and 
the two-loop contributions have the same sign, 
which also holds for other reasonable values of 
the parameters and for the EDM of the electron. 
Hence, for given values of the parameters for the 
gauge-Higgs sector, the magnitudes of the neu¬ 
tron and electron EDMs are expected to be larger 
than those obtained from the two-loop diagrams 
irrespectively of the squark and slepton masses. 


5. Conclusion 

We have discussed CP violation which origi¬ 
nates from the gauge-Higgs sector in the SSM. 
If the baryon asymmetry of the universe is at¬ 
tributed to this source of CP violation, the CP- 
violating phase 9 should be of order 0.1-1. Then, 
the EDMs of the neutron and electron, which are 
induced through the one-loop diagrams with the 
charginos and the squarks or sleptons, could be as 
large as their present experimental upper bounds. 
Accordingly, the parameters of the SSM are con¬ 
strained. For 9 ~ 0.1 the squarks and sleptons 
have to be heavier than or around 1 TeV, while 
the charginos and neutralinos could be of order 
of 100 GeV. 

The EDM of the W boson is induced at the 
one-loop level through the diagrams in which the 
charginos and neutralinos are exchanged. If 9 is of 
order unity, the CP-odd form factor F(q 2 ) in the 
effective Lagrangian for the WWj interactions 
could be of order of 10” 4 . Since this magnitude 
is far larger than the SM prediction, the VF-boson 
EDM would be an interesting observable to search 
for supersymmetry. 

The TV-boson EDM could be examined through 
the EDMs of the neutron and electron. These 
EDMs receive contributions from the two-loop di¬ 
agrams which contain the one-loop diagrams for 
the IV-boson EDM. As a result, the large magni¬ 
tude of the W-boson EDM implicates large mag¬ 
nitudes for the neutron and electron EDMs. We 
have shown that the magnitudes of the neutron 
and electron EDMs at the two-loop level could 
be as large as 10~ 26 ecm and lCV 27 ecm, respec¬ 
tively. These numerical outcomes are not so small 
compared to the experimental upper bounds at 
present. 

The one-loop and two-loop contributions to the 
EDMs depend differently on the SSM parameters. 
For the squark and slepton masses of order of 1 
TeV, the one-loop contributions are larger than 
the two-loop contributions. However, if those 
masses are around 10 TeV, the one-loop and the 
two-loop contributions could become compara¬ 
ble. Furthermore, these two types of contribu¬ 
tions turned out to have the same sign. Therefore, 
the neutron and electron EDMs arising from the 


two-loop diagrams give theoretical lower bounds 
for given parameter values of the gauge-Higgs sec¬ 
tor. 

If the neutron and electron EDMs respectively 
have values of order of 10 -26 ecm and 10~ 27 ecm, 
they will possibly be detected in the near future. 
Since the KM mechanism in the SM does not pre¬ 
dict such large magnitudes for the EDMs, the de¬ 
tection of the EDMs could make the SSM a more 
credible candidate for the extension of the SM. 

The author thanks M. Aoki, T. Kadoyoshi, and 
A. Sugamoto for discussions. 
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